Abstract: Based on the logarithmic mean Divisia index (LMDI) approach, this paper presents a decomposition analysis of China's energy-related industrial CO 2 emissions from 1985 to 2007, as well as a comparative analysis of differential influences of various factors on six sectors. Via the decomposition, five categories of influencing factors are included: (1) Per capita GDP (PCG) was the largest positive driving factor for industrial CO 2 emissions growth for all sectors in China, with the largest cumulative contribution value; Population (P), economic structure (YS) and energy structure (ES) also played a positive driving role, but with weak contributions. As the only negative inhibiting factor, energy intensity (EI) significantly reduced the energy-related CO 2 emissions from industrial sectors. Meanwhile, CO 2 emissions reduction based on the efficiency of energy use still held a large space. (2) Various influencing factors imposed differential impacts on CO 2 emissions of six sectors.
Introduction
Intensive use of fossil fuels can be cited among the main reasons of the significant increase in anthropogenic greenhouse gases (GHG) that lead to climate change. The long term reduction of greenhouse gases (GHG's) and low-carbon development has long been identified by the Intergovernmental Panel on Climate Change (IPCC) as an appropriate response to climate change. At OPEN ACCESS the end of 2009, the Chinese government put forward the intensity target that CO 2 emissions per GDP should be reduced by 40%-50% in 2020, which has been included in the long-term program for national economy and social development. In the 12th Five-Year Plan Outline, China planned to boost the value-added proportion of the GDP accounted for by the service sector by 4%, and to reduce energy consumption by 16% and carbon emissions by 17% per unit of GDP in 2015 [1] . However, controlling and mitigating energy-related carbon emissions require careful analysis of the factors that influence these emissions so that appropriate remedies can be developed.
Decomposition analysis is one of the most effective tools for investigating the mechanisms influencing energy consumption and its environmental side effects. In recent decades, index decomposition analysis (IDA) has been widely accepted as a decomposition methodologies based on the Laspeyres and the Divisia indices that are well known in the fields of economics and statistics [2] . One basic drawback of the conventional Laspeyres and Divisia index methods was the large residual term found in most applications, leaving a significant part of the examined changes unexplained [3] . However, this problem has been effectively solved through the improved variants [4, 5] .
The logarithmic mean Divisia index (LMDI) method has been identified as the preferred approach in energy use and CO 2 emission analyses under the umbrella of IDA [2, 6, 7] , because of its robust theoretical foundations, strong adaptability to a range of situations, and ability to provide perfect decomposition; that is, no unexplained residual terms [8] . LMDI was first used in 1998 to study the factor decomposition for the CO 2 emissions of energy consumption from China's industrial sectors [9] . It has since broadened its scope to include analysis of energy supply and demand, energy-related emissions, material flow and dematerialization, monitoring of national energy efficiency trends and making cross-country comparisons of energy performance [10, 11] .
Recently, energy-related carbon emissions have been studied by adopting LMDI approach in different scale levels. At the global level, the driving forces for the changes of energy consumption and carbon emissions are decomposed in multiple scales [12] [13] [14] . On top of this, the secondary decomposition is further conducted for intensity factors of CO 2 emissions from sectors like manufacturing and transportation [15, 16] . These studies generally considered different kinds of energy (such as coal, oil, natural gas, and electricity) and sectors (such as primary industry, secondary industry, and tertiary industry). Case studies at the national level include the research of main factors driving changes in CO 2 emissions of different time intervals in different countries, such as South Korea [17, 18] , Thailand [19] , India [20] , Brazil [21, 22] , Turkey [23] , The United Kingdom [24] , and Greece [25] . Studies on the cyclical fluctuation and driving forces of energy-related CO 2 emissions are also applied to China [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . These studies considered a relatively small number (four or fewer) of types of energy, thereby decreasing the accuracy of the accounting. In addition, more detailed information about each sector's carbon emissions and the proportion of total emissions accounted for by each sector that could guide management planning was often not provided [33] ; at an urban level, most of the literature focuses on a province/city [36] [37] [38] [39] , discussing the mechanism of main factors affecting regional CO 2 emissions, and coming up with alternative policies [40] [41] [42] .
As can be seen, the index decomposition technique has good performances on identifying the magnitude of some predetermined driving factors of changes in observed indicators. It has been not only conducted at different scale levels, but also for studies on energy consumption and energy-related CO 2 emissions in a specific industry or sector. These studies estimated and evaluated observed indicators to examine the factors, structural, and technological changes at industry level [10, [43] [44] [45] [46] [47] . Many scholars also suggested the use of IDA to specifically focus on China's industry and give a disaggregated sectoral decomposition often dealing with three or four sectors [34, [48] [49] [50] [51] .
Since the industrial sector is a major consumer of energy in China, the total industrial CO 2 emissions absolutely represents a dominant share. Investigating the intrinsic driving factors of China's industrial CO 2 emissions growth in time series is necessary to understand the trends in energy use, to forecast future energy demand and carbon emissions and to measure the effectiveness of energy-related policies. This paper hereby offers a year-by-year decomposition analysis of the cumulative effects of influencing factors for China's energy-related industrial CO 2 emissions from 1985 to 2007 and compares differential influences of all factors on the cumulative effects of six sectors.
Data Set and Estimation
The time interval of data sample ranged from 1985 to 2007. The GDP for each sector were obtained from the China Statistical Yearbook , and the economic output and income data are adjusted according to the constant price of 1985, which serves as the reference period. According to the industrial structure specified in China Statistical Yearbook, we divided the national economy into six sectors: agriculture (farming, forestry, animal husbandry, fisheries, and water conservation), industry, construction, transport, storage, and postal services, urban and rural households and business (wholesale, retail, trade, hotel, and restaurants; and other tertiary sectors). According to the classification of industrial internal sectors in China Energy Statistical Yearbook, there are three major sectors, including mining, manufacturing and electric power, gas and water production and supply.
Energy consumption data were obtained from the China Energy Statistical Yearbook [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] , including eight types of fossil fuels: coal (raw coal, cleaned coal, other washed coal, briquettes), crude oil, gasoline, kerosene, diesel oil, fuel oil, coke, and natural gas. Using the reference method provided in "2006 IPCC Guidelines for National Greenhouse Gas Inventories" [85] , we have also estimated the amounts of CO 2 emission in China over the years based on the fossil fuel classification and sector classification. The carbon emissions coefficients for estimation of different energy resources are given in Table 1 . According to the estimation results, the energy-related industrial CO 2 emissions increased gradually with the rapid industrialization process and underwent different stages ( Figure 1 ) from "steadily rising" of 1985-1996 to "stable with a decline" of 1997-2001, and then to "rapid growth" of 2002-2007. The fluctuation intensity significantly increased after 1996. In addition, the substantial differences of energy-related CO 2 emissions existed among different sectors in China. From 1985 to 2007, the total energy-related industrial CO 2 emissions absolutely represented a dominant share and always accounted for around 80%. Thus, it was the largest carbon emitter in China. The total CO 2 emissions of other sectors only accounted for around 20% of the total emission and gradually decreased.
As can be seen from the variables of CO 2 emissions in three major industrial internal sectors (Figure 2 ), from 1985 to 2007, manufacturing was the largest carbon emitter in China, accounting on average for 60% of total industrial CO 2 emissions, and dropping gradually from 1996; the next was electric power, gas and water production and supply, which accounted for 30% and maintained stable growth; mining was involved in the minimum CO 2 emissions, which accounted for 10%. In spite of the relatively low CO 2 emissions, the relative proportion still decreased slowly. As an example, the detailed distribution of carbon emissions from three major industrial internal sectors in 2007 indicated that the major sources of emissions inside industry were due to heavy manufacturing and production and distribution of electric power and heat power. Therein, heavy manufacturing had an overall high carbon emissions level by including high energy consumption sectors, especially the petroleum, chemical products, iron and steel, electrolytic aluminum. In addition, the proportion of carbon emissions from light manufacturing, such as foods, tobacco, furniture etc, were relatively low in the industrial total level (Figure 3) . 
Methodology
Selecting the industry sector in China as a case study, we aimed to conduct a year-by-year decomposition analysis of the cumulative effects of influencing factors for China's industrial CO 2 emissions from 1985 to 2007 and also a comparative analysis of differential influences of various factors on different sectors. 
Decomposition Model for CO 2 Emissions in Industrial Internal Sectors
The total energy-related industrial CO 2 emissions can be expressed in the following way:
where index i = 1, 2, denote the three major industrial internal sectors, including mining, manufacturing, and electric power, gas and water production and supply, respectively; index j = 1, 2,…, 8 denotes eight types of fossil fuels, i.e., coal, coke, crude oil, gasoline, kerosene, diesel oil, fuel oil and natural gas, respectively (considering energy transformation sectors, such as the power sector, are included in the industrial sector, electricity and heat consumption in the final energy demand sectors cannot be considered in the current framework of decomposition to avoid duplicate calculations), consumed by each sector. The meanings of other variables in Equation (1) are described in Table 2 . The changes in CO 2 emissions from 0 (base year) to T (target year) can be expressed as follows:
Therein, ∆C denotes the total effect of CO 2 emissions, ∆C ES denotes energy structure effect, ∆C YS denotes economic structure effect, ∆C EI denotes energy intensity effect, ∆C PCG denotes economic activity effect, and ∆C P denotes population effect (CI represents the CO 2 emissions coefficient for various fossil fuels and it is usually a constant and not considered as an investigation factor in this paper). According to the definition of logarithmic mean function, introducing into the weighting function W ij (t * ) [86] , Equation (2) can be carried out as follows: 
These components are written as:
, ln ln ln = l n ln ln = l n ln ln
In Equations (3) and (4), the driving force of growth in energy-related industrial CO 2 emissions was decomposed into 5 influencing factors (ES, EI, YS, PCG, P).
Decomposition Model for CO 2 Emissions in Different Sectors
The energy-related CO 2 emissions in six sectors can be expressed in the following way:
In Equation (5), the index k = 1, 2,…, 6 respectively denote agriculture, industry, construction, transport, storage, and postal services, urban and rural households and business. The meanings of other variables and the decomposition process are the same as those in the model.
Results and Discussion

Decomposition Analysis of Energy-Related Industrial CO 2 Emissions
The present paper offers a year-by-year decomposition analysis of cumulative effects of influencing factors for CO 2 emissions in industrial sectors in China from 1985 which serves as the reference period ( Table 3) .
The decomposition results show that, till 2007, the cumulative contribution values of all influencing factors varied a lot. Therein, the positive driving factors for industrial CO 2 emissions growth included ES, YS, PCG and P, with cumulative contribution of 16 million metric tons, 269 million metric tons, 1.428 billion metric tons and 141 million metric tons respectively. PCG was the dominant positive driving factor; EI was the only negative driving factor with cumulative contribution value of −744 million metric tons and the cumulative contribution rate of −67.10%. Except for PCG, the negative inhibiting effects of EI far outweighed the four other positive inhibiting factors for industrial CO 2 emissions growth. This point further indicates that EI has been a significant control factor to effectively reduce China's industrial energy-related CO 2 emissions. Energy conservation by both technical and non-technical changes (e.g., behavior and lifestyle) will be the main ways to control the continuous growth of China's industrial energy-related CO 2 emissions. The curve of cumulative contribution variation of influencing factors in Figure 4 shows that, since 1996, the growth of ∆C PCG has been slowed down influenced by the southeastern financial crisis [27, 30] and then accelerated again in the latter years. The positive driving effects from economic activity for CO 2 emissions growth were largely impaired in China, which caused ∆C growing stably with a decline and then a rise in the short term accordingly. In addition, Figures 4 and 5 show that all influencing factors contributed differently to the industrial energy-related CO 2 emissions growth in different years and got involved in largely differential influence in respect of time series. 
Energy Structure Effect
From 1985 to 2007, ES showed a weak positive effect on China's industrial CO 2 emissions growth year by year with a low fluctuation. Therein, its contribution value was 570,100 metric tons in 1986, with the contribution rate of 2.36%; the cumulative contribution value was increased to 16.0177 million metric tons in 2009, with the contribution rate decreased to 1.44%. Within the context of the rapid economic development in China, the improvement of industrialization would definitely arouse the surging demand for various fossil fuels such as coal, petroleum and natural gas in different industrial sectors. However, the fuel structure dominated by coal due to the fact that China's natural resources endowment was hard to change obviously in short term. Meanwhile, the energy consumption structure in industrial sectors is obviously not optimized, the proportion of high-carbon energy consumption shows slight growth, i.e., coal consumption rate increased from 80.30% in 1985 to 85.87% in 2007, while petroleum consumption rate decreased from 16.91% in 1985 to 9.42% in 2007. Hence, with increasingly swift industrialization process, the total industrial energy consumption growth and high-carbon energy consumption growth are major causes that ES plays a positive driving effect on China's industrial CO 2 emissions. Therefore, one significant measure to reduce industrial CO 2 emissions in the future is involved in continually enhancing adjustment and optimization of energy consumption structure in industrial sectors, increasing low-carbon energy consumption ratio and improving energy use efficiency.
Energy Intensity Effect
As the only negative driving factor for China's industrial energy-related CO 2 emissions growth, EI extremely reduces the total industrial CO 2 emissions. EI, which represents the input/output characteristics of energy system through the energy consumptions per GDP, is closely bound to many factors such as industrial structure, energy structure and technological progress. In this paper, the energy consumption per industrial output value is used for weighing the energy intensity of industrial sectors to further reflect the overall efficiency of energy economic activities in the industrial sectors. From 1980 to 2007, the energy intensity of all industries was in a sharp fall and the average energy intensity of all industries dropped from 3.78 tce/¥10,000 to 1.31 tce/¥10,000, with the reduction rate of 65.35%. The energy intensity of industrial sectors calculated based upon the constant price of 1985 in the paper indicated that the energy intensity of China's industrial sectors was 15.12 tce/¥10,000 in 1985 and decreased to 4.50 tce/¥10,000 in 2007, with the reduction rate of 70.24% which was more than the average of energy intensity reduction in China. It is thus clear that China's efficiency of energy use has made substantial progress in recent three decades, but the adjustment of industrial structure and energy structure is still quite slow. Within the rapid development of industrialization in China, the growth of total energy consumption is expected to continue. Therefore new technology breakthroughs are preferred, rather than a direct reduction of energy consumption to improve China's efficiency of energy use.
Economic Structure Effect
The economic share effect is primarily displayed as the proportion of industrial output value in GDP which affects CO 2 emissions. The decomposition results show that, YS played a positive driving role in China's energy-related industrial CO 2 emissions growth, with the contribution rate in a relatively slow growth. The cumulative effects of YS surged before the middle and late 1990s, with 197 million metric tons and the cumulative contribution rate of 50.65% in 1997. Later, its positive driving effects were gradually lessened, with the cumulative effects increased to 269 million metric tons while the cumulative contribution rate decreased to 24.24% in 2007. In recent years, the industrial structure has been adjusted in China to a certain extent, but it still failed to restrain industrial CO 2 emissions growth due to slow progress. China's gross industrial output value accounted for 38.25% of GDP in 1985 and exceeded half of GDP in 2007 [87, 88] , as China was in that very period of rapid industrialization so that the industry scale was continually expanded and the industrial adjustment lagged behind the demand of economic development for continual industrial expansion. Even if the industrial share kept unchanged, the expansion would still lead to a high energy demand so that CO 2 emission was increased.
Economic Activity Effect
As calculated based upon the constant price in 1985, China's per capita GDP was ¥851.76 in 1985, which increased to ¥6524.45 in 2007, corresponding to a growth rate of 604.88%. However, the rapid economic development in China brought with it a huge quantity of energy consumption so that economic development also became the foremost driving factor for industrial CO 2 emissions growth. Viewed from the decomposition results, PCG was the largest positive driving factor for China's industrial CO 2 emissions. In terms of time series, the cumulative contribution rate was almost over 100% ( Figure 5 ) with the maximum of 177.87% in 2001, and then suffered from a slow decline and dropped to 128.71% at the end of 2007, excluding special years. Moreover, the cumulative contribution value of PCG for China's industrial CO 2 emissions was always rapidly increased ( Figure 5 ). The cumulative contribution value was increased from 26.5251 million metric tons in 1986 to 1.428 billion metric tons in 2007, with annually average increment of 63.7053 million metric tons of CO 2 emissions. As can be seen from the above, China's continuous economic development was a major decisive factor for industrial CO 2 emissions growth, of which the contribution to CO 2 emissions growth was also on the rise. As the largest developing country, China shall not always sacrifice economic development to reduce CO 2 emissions, but coordinate various factors and balance the relationship between emission reduction and development so that normal economic development can be guaranteed and a win-win outcome in both development and emission reduction can be reached.
Population Effect
P also played a positive driving role in China's industrial CO 2 emissions growth. China's population growth rate has declined since 1987, even reaching the lowest point of 0.52% in 2007 due to family planning policy, but the net growth of population was about 7.69 million people on the average from 2000 to 2007, for the huge population base in China. With the improvement of the population-urbanized ratio, growth of household consumption and variation of consumption mode, China's absolutely rapid population growth promoted the continuous growth of economic output and corresponding growth of energy consumption to become the essential conditions to meet the basic demand for national people's survival and development, thus, the energy-related CO 2 emissions were gradually increased. In 1986, the cumulative contribution value of scale effect in China was 5.9834 million metric tons, exceeding 100 million metric tons in 2002 due to continuous population growth and increased to 141 million metric tons at the end of 2009. On the contrary, the cumulative contribution rate of population size underwent the continuous decline year by year, decreasing from 24.76% in 1986 to 12.70% in 2007. The evaluation of all this data over time further indicates that continuous industrial CO 2 emissions growth is one consequence of population growth, but such influence is gradually reduced.
Decomposition Analysis of Industry Discrepancy
To further discuss the differential influences of various factors for the industry and other sectors, the paper presents a decomposition analysis of the cumulative effects of influencing factors for energy-related CO 2 emissions of six sectors from 1985 to 2007 and also a comparative analysis of differential influences of various factors on the industry. The decomposition results are as follows (Table 4) . For the cumulative effects of factors for CO 2 emissions from all sectors, both PCG and P played a significantly positive driving role in CO 2 emissions growth; EI on the other hand represented a negative driving effect; except for positive driving effect in the industrial sectors, ES played a negative driving role in the rest five sectors (Figure 6 ), for which the continuous growth of fossil fuel consumption such as coal and petroleum in industrial sectors acted as the major reason; besides, energy consumption was increased with the rapid development of the industry, transportation and residential sector. YS played a positive driving role in those three sectors, but it played a negative driving role in three other sectors which were developed slowly to some extent.
Seen from the cumulative contribution values of all driving factors for different sectors, PCG, which offered the largest contribution value in all sectors, was the largest positive driving factor for CO 2 emissions growth; EI was the largest inhibiting factor for CO 2 emissions growth in five sectors excluding farming, forestry, animal husbandry and fishery; ES reflected the substitution of energy consumption. Except for the industry, CO 2 emission was efficiently reduced through the adjustment of energy structure in other sectors. Therein, the residential sector made the most contribution, with the cumulative contribution value of −13.4860 million metric tons (Table 4, Figure 6 ). For a long time, China's industrial energy consumption was constituted by coal and petroleum in dominance. Compared with other energy resources, coal and petroleum were of relatively high CO 2 emission coefficients so that ES could have a positive driving effect on industrial CO 2 emission growth; P produced the maximum cumulative contribution value of 141 million metric tons for the industry, but the minimum cumulative contribution value of 1.6179 million metric tons was reserved for the construction sector. In respect of transportation, the cumulative contribution value of P was 8.3652 million metric tons which surpassed the cumulative contribution value of −7.1104 million metric tons of EI as a negative inhibiting factor (Table 4, Figure 6 ). Apart from economic development, the rapid population growth also intensified the burden of transportation and became the second largest driving force for industrial CO 2 emission growth. Furthermore, PCG and EI were fairly obvious in the cumulative effects of residential CO 2 emissions growth. The negative driving effects of EI outweighed the positive driving effects of PCG. Since the residential energy consumption was closely associated to people's living habits, consumption patterns and climate change in general, the energy demand growth got slow somewhat and many new energy resources such as solar energy and methane were increasingly used in people's living, effectively substituted for fossil fuels and also inhibited CO 2 emissions growth to a certain extent. Thus, EI was involved in a negative driving effect on the total effect of residential CO 2 emission, that is, CO 2 emissions varied to finally reach the decrement of 7.9319 million metric tons. Meanwhile, the residential sector was the unique whose emission reduction was realized in six sectors from 1985 to 2007.
Conclusions and Policy Prescriptions
From 1997 to 2001, China's industrial CO 2 emissions underwent some different stages ranging from "steadily rising" to "stable with a decline", and then to "rapid growth" but always held an absolutely dominant place in the total CO 2 emissions of six sectors, which was the biggest carbon emitter in China; in respect of major industrial sectors, the manufacturing got involved in maximum CO 2 emissions, with rapid growth rate; followed by the electric power, gas and water production and supply, such sector was often steadily increased; however, CO 2 emissions from the mining was relatively low and slowly decreased. In terms of all influencing factors for China's industrial CO 2 emissions, the positive driving factors included ES, PCG, YS and P. Therein, PCG was the foremost positive driving factor for China's industrial CO 2 emissions growth, so the control of energy-related CO 2 emissions was the grand challenge which China's industrial sectors were confronted with, given that economic development was guaranteed; P and YS also boosted China's industrial CO 2 emissions growth. Although the decomposition results showed that P and YS had small contribution values respectively, the population size and industrial structure were highly related to industrial CO 2 emissions so that corresponding driving effects could not be neglected. It is an inevitable trend that continuous population growth and advanced industrialization will cause residential and industrial CO 2 emissions growth; additionally, it is difficult to radically change the overall energy structure with the present dominance of coal, so the energy consumption structure in industrial sectors obviously fails to be optimized and ES is also displayed as a slightly positive driving effect. Therefore, with economic development, controlling population growth and optimizing industrial structure are major ways to control China's industrial CO 2 emissions growth.
EI was the only one which played a negative driving role in China's industrial CO 2 emissions growth, largely reducing total industrial CO 2 emissions. Moreover, China's efficiency of energy use has made a substantial progress in recent three decades, but the industrial structure and energy structure adjustment is still quite slow. Along with the rapid development of industrialization, China's industrial sectors still have large space for energy intensity decreases and CO 2 emissions reduction. China shall vigorously boost technical progress to further improve efficiency of energy use and low-carbon development to maximize output in low intensity branches in the future.
All influencing factors had a differential bearing on CO 2 emissions from six sectors. PCG always played a positive driving role in all sectors, with the maximum cumulative contribution value; EI had a negative driving effect, and other factors presented different effects and contributions according to different sectors. PCG and EI played a decisive role in driving differential influences of various factors on six sectors.
As seen from the decomposition results, reduction of the energy-related industrial CO 2 emissions is a hard and complex project, related to different factors such as economy, technology, industrial structure and population. The paper presents the following policy recommendations for the development of China's industrial CO 2 emissions reduction in the future:
First and foremost, the control strength of environmental policies shall be intensified in different stages to control continuous CO 2 emissions growth under the industrialization. It is required to establish and implement CO 2 emissions laws and regulations, technical standards, entry threshold for the enterprises of carbon trade and CO 2 emissions, energy conservation and emission reduction and other policies and measures for CO 2 emission reduction.
Furthermore, the industrial structure shall be positively optimized and adjusted. Based on the principle of "Reduction, Re-use, and Recycling" and the requirements for new industrialized road, the effective measures shall be taken to further improve industrial structure and reduce CO 2 emissions. It is required to vigorously develop the tertiary and high-tech industry, especially environment-friendly industry, to make industrial structure develop toward energy conservation and advancement.
In third place, it is necessary to optimize energy consumption structure and strengthen energy conservation. The CO 2 emission reduction technology shall be actively implemented to increase thr efficiency of energy use. The low-carbon energy and renewable energy shall be developed to improve the energy structure.
Finally, it is needed to strengthen publicity and advocate a low-carbon lifestyle. Slowing down global warming and reducing greenhouse gas emissions are associated to lifestyle and values change. Therefore, a continuous education and publicity programme should be conducted to convert people's values for the popularization of a low-carbon lifestyle and low-carbon consumption habits, which are also an effective way for CO 2 emission reduction.
